Diamond is a material in use at many nuclear and high energy facilities due to its inherent radiation tolerance and ease of use. We have characterized detectors based on chemical vapor deposition (CVD) diamond before and after proton irradiation. We present preliminary results of the spatial resolution of unirradiated and irradiated CVD diamond strip sensors. In addition, we measured the pulse height versus particle rate of unirradiated and irradiated polycrystalline CVD (pCVD) diamond pad detectors up to a particle flux of 20 MHz/cm 2 and a fluence up to 4 × 10 15 n/cm 2 .
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Introduction
As high energy experiments are upgraded to operate at higher energies and larger intensities, more radiation tolerant detector concepts are necessary to resist the increased radiation dose. Due to its large displacement energy [1] , sensors based on diamond feature an inherent radiation tolerance enabling their use in nuclear and high energy physics experiments [2] [3] [4] [5] . During the last two decades, the RD42 collaboration has developed and characterized chemical vapor deposition (CVD) diamond as a sensor material for high radiation experiments [6, 7] .
Previous to this work, the RD42 collaboration has measured the radiation tolerance of CVD diamond against protons and neutrons of various energies [8, 9] and studied the pulse height uniformity of CVD diamond-based detectors as a function of particle fluence [8] . In this article, we present preliminary measurements of the spatial resolution of CVD diamond strip detectors as a function of particle fluence.
Another essential characteristic of position sensitive detectors for future high energy experiments is their capability to operate at high particle rates, up to O GHz/cm 2 . Previously, the RD42 collaboration has conducted a series of beam tests to characterize the pulse height dependence in diamond detectors on particle flux [10, 11] . No dependence of the signal response of polycrystalline CVD (pCVD) diamond pad detectors, which were irradiated up to a neutron fluence of 5 × 10 14 n/cm 2 , on the particle flux up to 10 MHz/cm 2 was observed [11] . This study was extended and pCVD diamond samples were irradiated up to a larger neutron fluence [12] . Preliminary results of this study up to a neutron fluence of 4 × 10 15 n/cm 2 are presented in this article.
Over the last four years, the RD42 collaboration has developed and characterized CVD diamond detectors with a 3D electrode geometry in order to enhance the radiation tolerance of diamond even further [13, 14] . Recent developments in the fabrication process have yielded improved devices. The new devices with a pixel readout were recently tested [12] .
Radiation Tolerance
The RD42 collaboration has recently published [8] the results of a series of single-crystalline CVD (scCVD) and pCVD diamonds irradiated with 800 MeV and 24 GeV protons. For these results strip detector devices were fabricated on the diamond material and characterized in beam tests. The shape of the signal response distribution and the material uniformity as a function of particle fluence were measured [8] .
For the preliminary measurements presented here, the general aspects of the published result were followed. Strip detectors with 25 µm strips and a 50 µm pitch width were manufactured on each diamond. The devices were characterized in a beam of 120 GeV/c hadrons at a secondary beam line of the Super Proton Synchrotron (SPS) at CERN. To reconstruct particle trajectories and measure the spatial resolution of the device under test (DUT) a high precision telescope [15] was used. After a track selection based on the quality of the fitted track, the hit position in the plane of the DUT was predicted with a precision of roughly 1.3 µm [8] . The signal response at the predicted position of the DUT was measured independent of the DUT information from the five highest adjacent strips within ten strips around the predicted track position. Figure 1 shows the signal response distribution of an scCVD diamond sensor before and after various 800 MeV proton irradiations. With increasing particle fluence the mean of the distribution decreases and the width becomes narrower. To compare the shape of the signal response distribution as function of particle fluence between scCVD and pCVD diamond material, the full width at half maximum (FWHM) normalized by the most probable (MP) pulse height was studied. The ratio FWHM/MP was observed to decrease with particle fluence for pCVD diamond material, while for scCVD diamond material a smaller initial ratio was measured and no dependence on the particle fluence was observed [8] . The ratio FWHM/MP is related to the uniformity of the material, indicating pCVD diamond becomes more uniform with particle fluence [8] . Since charge sharing and thus the spatial resolution should be connected to the uniformity of the material, the two-strip spatial resolution was studied as a function of particle fluence.
In order to determine the spatial resolution, a two-strip cluster algorithm was used in the telescope planes to determine the predicted track location in the diamond detector under test. The track position in the DUT was determined independently of the predicted track location. To accomplish this, in every event, the strip in the DUT with the largest pulse height and the adjacent strip with the next largest pulse height were used in a two-strip η algorithm to determine the DUT hit position. To avoid inefficient events due to extra telescope hits leading to mis-tracking, multiple scattering leading to incorrect DUT position, or noise in the DUT, the strip with the largest signal was required to be larger than five standard deviations above the noise on that strip. This represented a minimum signal size of approximately 400 e. Using this requirement, all DUTs were greater than 99 % efficient. In addition, to check that the hit strips in the DUT were related to the tracks in the telescope, the digital residual, defined as the distance of the center of the strip with the highest signal to the predicted hit position, was measured. The digital residual distribution is expected to be uniformly distributed with FWHM equal to the strip pitch. Verifying proper functionality of the DUT, the FWHM of the digital residual distribution of all devices was measured to fall within (49.7 ± 0.5) µm. Next, in order to get the best reconstruction of the hit position in the DUT a two-strip η algorithm from the charge deposition in the two adjacent strips with the highest signals was used [16] . This algorithm assumes that the efficiency is near one which was the case for these detectors. The spatial resolution was measured to be the standard deviation of the full residual spectrum of the distance between predicted hit position of the telescope and measured hit position with the DUT. Details on the analysis procedure may be found in Ref. [17, 18] .
For unirradiated scCVD diamond a spatial resolution of (7.6 ± 1.0) µm was observed while for unirradiated pCVD diamond a spatial resolution of (15.0 ± 1.5) µm was measured. One possibility for this difference may be due to grain boundaries allowing the charge to move laterally. After a 24 GeV proton fluence of 18.0 × 10 15 p/cm 2 the spatial resolution of a pCVD diamond device was found to be (7.6 ± 0.8) µm. After an 800 MeV proton fluence of 12.6 × 10 15 p/cm 2 (equivalent to a 24 GeV proton fluence of 21.1 × 10 15 p/cm 2 [9] ) a spatial resolution of (8.6 ± 0.9) µm was measured with a pCVD diamond device. The spatial resolution of scCVD diamond was observed to be roughly flat as a function of particle fluence while the spatial resolution of pCVD diamond devices improves to very close to the scCVD diamond result consistent with the uniformity change [8] .
Signal Dependence on Particle Flux
To characterize the signal response of diamond sensors as a function of particle flux, devices were tested in the πM1 beam line at the High Intensity Proton Accelerator (HIPA) at the Paul Scherrer Institut (PSI). The particle flux of this beam line is controllable from 1 kHz/cm 2 to 20 MHz/cm 2 . For these studies, the beam line was tuned to a 260 MeV/c π + beam.
The diamond samples were irradiated with fast reactor neutrons at the TRIGA reactor of the Joef Stefan Institute (JSI) [19] . Before and after each irradiation step, a single pad detector was manufactured from each diamond. A single pad electrode was metallized on both sides of the diamond and connected to a fast amplifier with low electronic noise capable of handling the high particle rates. A detailed description of the setup and the analysis can be found in Ref. [17] .
The average signal response of the device was measured at different particle rates to study the signal as a function of particle flux. A measurement cycle included several rate scans each with negative and positive bias field applied to the detector under test. Preliminary results of single rate scans for both negative and positive bias fields are shown in Figure 2 before and after multiple neutron irradiations. The signal response was normalized to the average of each rate scan. The data indicates less than a 2 % variation with rate for all fluences tested. Figure 2 : Relative pulse height as a function of particle flux before and after fast reactor neutron irradiation at a bias voltage of (a) −1000 V [12] and (b) +1000 V. The pulse height was normalized to the average pulse height of each rate scan.
Summary
Preliminary results of the spatial resolution of CVD diamond strip detectors were presented. The spatial resolution of pCVD diamond devices was found to improve and reach a similar value as scCVD diamond devices. The signal response of pCVD diamond detectors was measured as a function of particle flux before and after several irradiation with fast reactor neutrons up to a total neutron fluence of 4 × 10 15 n/cm 2 . No rate dependence was observed at the <2 % level up to a particle flux of 20 MHz/cm 2 .
